Abstract Aged dogs spontaneously develop progressive decline in both cognitive and behavioral function, in addition to neuropathological changes, that collectively parallel several aspects of human aging and Alzheimer's disease progression and likely contribute to the development of canine cognitive dysfunction syndrome. In the current study, ethologically relevant spatial learning, retention, and reversal learning tasks were conducted, with the goal of expanding canine neuropsychological testing to pet dogs. Initially, dogs (N=44, aged 7.8±2.8 years, mean±SD) had to learn which of two alternative routes successfully led out of a T-maze. Two weeks later, long-term memory retention was assessed, immediately followed by a reversal learning task in which the previously correct route out of the maze was reversed compared with the initial learning and memory retention tasks. No effects of age were evident on the learning or retention tasks. However, older (≥8 years) dogs were significantly impaired on the reversal learning task compared with younger ones (<8 years). Moreover, trial response latency was significantly increased in aged dogs across both the initial and reversal learning tasks but not on the retention task, which suggests that processing speed was impaired by increasing age during the acquisition of novel spatial information but not during performance of previously learned responses. Overall, the current study provides a framework for assessing cognitive function in pet dogs, which should improve understanding of the effects of aging on cognition in the dog population.
Introduction
Canine aging is associated with neuropathological changes as well as cognitive decline and behavioral alterations that parallel several aspects of human cognitive aging and Alzheimer's disease (AD) progression.
For example, β-amyloid (Aβ) deposits progressively accumulate in the brain of aged dogs in a regionspecific manner; deposition occurs earliest and most consistently in the prefrontal cortex and ultimately progresses to posterior brain regions (Borras et al. 1999; Head et al. 2000; Uchida et al. 1992) . Additional agerelated neuropathological parallels of human aging in dogs include localized neuronal loss (Morys et al. 1994; Siwak-Tapp et al. 2008; Su et al. 2005; Tapp et al. 2004) , cortical atrophy (Gonzalez-Soriano et al. 2001; Su et al. 2005; Tapp et al. 2004) , increased ventricular volume (Gonzalez-Soriano et al. 2001) , increased oxidative stress (Head et al. 2002; Papaioannou et al. 2001; Rofina et al. 2004) , and cholinergic deficits . Collectively, neuropathological changes observed in aged dogs range from that seen in normal human aging to those seen in early stages of AD .
The similarity between human and canine senescence has stimulated substantial interest in assessing the effects of age on canine cognitive function. Indeed, age-related cognitive decline and neuropathological changes in the dog is relevant to the study of human aging and AD , as well as the study of aging and cognitive dysfunction syndrome (CDS) in pet dogs (Landsberg 2005 , Ruehl et al. 1995 . Standardized laboratorybased neuropsychological tests are generally used to evaluate cognitive domain-specific effects of canine aging (Milgram et al. 1994; Studzinski et al. 2006; Tapp et al. 2003a ). Basic cognitive processes, such as those underlying procedural and simple associative learning are not consistently affected by age (Adams et al. 2000; Milgram et al. 1994) . By contrast, reversal learning and short-term visuospatial working memory tasks, which rely on executive processes that are supposed to have neuroanatomical substrates within the prefrontal cortex, are highly age sensitive (Studzinski et al. 2006; Tapp et al. 2003a, b) . Impairment in these tasks occurs relatively earlier (Studzinski et al. 2006; Tapp et al. 2003a ) than impairment on other complex tasks presumably independent of prefrontal function, such as allocentric and egocentric visuospatial learning (Christie et al. 2005) . Moreover, short-term working memory impairments occur as early as 6 years of age in dogs (Studzinski et al. 2006) , thereby preceding prefrontal atrophy and amyloid deposition, which, generally, are not observed before the age of 8 years (Head et al. 1998; Tapp et al. 2005 ).
The high degree of variability and lack of systematic CDS evaluation criteria hinders the exact determination of CDS prevalence in pet dogs. Symptoms may be present in as few as 5 % of pet dogs aged 10-12 years and a formal veterinary diagnosis of CDS is likely to be lower (Salvin et al. 2011) , although higher prevalence rates are also reported (see Landsberg et al. 2012 for a review). Current views propose that agerelated neurodegenerative processes and associated decline in cognitive function likely precedes the clinical diagnosis of CDS (Landsberg 2005; Landsberg et al. 2012; Ruehl et al. 1995) . For example, cognitively impaired aged laboratory dogs demonstrate behavioral alterations consistent with CDS (i.e., altered interspecific interactions and exploratory behavior; Siwak et al. 2001) . Therefore, the postulation that CDS occurs subsequent to age-related cognitive changes and represents late stages of a neurodegenerative process is warranted (Landsberg et al. 2012) . However, the extensive training required to assess cognitive ability in dogs has impeded the application of neuropsychological tests in pet dog populations. Therefore, very little is known about the effects of normative ageing on cognitive decline in pet dogs.
One strategy for overcoming the limitations of object-based neuropsychological testing is to utilize spatial cognition tasks, which exploit ethologically relevant behavior and, therefore, are readily acquired with limited training (Tolman and Honzik 1930) . Spatial cognition encompasses neuropsychological processes involved in recognizing, coding, storing and retrieving spatial arrangements and route navigation (Carrillo-Mora et al. 2009 ), which are essential for environmental survival. In rodents, age-related learning and memory deficits are found on a variety of navigation-based tasks (Begega et al. 2001; CarrilloMora et al. 2009; Gallagher and Pelleymounter 1988; Ingram 1988; Lukoyanov et al. 1999; McLay et al. 1999; Sharma et al. 2010) . In humans, normative aging negatively impacts navigation skills, such as learning new routes, inferring both distances and directions between locations, and acquiring/retaining information required to navigate controlled environments (Cushman et al. 2008; Iachini et al. 2009; Moffat 2009; Newman and Kaszniak 2000) . Moreover, impaired spatial processing is a key characteristic in the diagnosis of mild cognitive impairment and early stage dementia (Braak and Braak 1991; Hort et al. 2007; Klein et al. 1999) . Similarly, healthy aged pet dogs (8 years and above) demonstrate deficits in spatial reference memory, but not in spatial acquisition, compared with young dogs (1-4 years), in an appetitive sand version of the Morris Water Maze (Salvin et al. 2011) , which is the only study we are aware of investigating spatial skills in pet dogs. While limitations of the sand maze paradigm include the apparatus itself and confounds of age on motivation, the results indicate spatial navigation tasks are rapidly and reliably acquired by pet dogs and may be used to dissociate cognitive domain-specific age effects.
The current study, therefore, sought to develop a practical and rapid methodology for cognitive assessment of pet dogs using a spatial navigation paradigm. Based on previous findings described above, we hypothesized that: (1) a spatial navigation learning task would be easily acquired by pet dogs and (2) aged dogs would perform more poorly than young, particularly on a subsequent reversal learning task.
Materials and methods

Animal subjects
Forty-four pet dogs were included in this study. Recruitment was done by word of mouth and advertisements targeting clients of local veterinary clinics and students of the University of Padova. Inclusion criteria consisted of a minimum age of 2.5 years and the absence of CDS or other medical condition that could negatively impact the current study, which was determined by a specialized veterinary practitioner based on the combination of results from a physical examination, evaluation of historical records, and behavioral assessment, including owner interview, in all dogs conducted prior to the study. The recruited sample (Table 1) included 16 intact males, 2 orchiectomized males, 8 intact females, and 18 ovariectomized females of different breeds; age ranged from 3 to 12.5 years (mean±SD=7.8±2.8 years).
Experimental procedure
Cognitive testing was conducted in a room of approximately 5 × 5 m, which housed the test apparatus (Fig. 1) . The apparatus was an adapted version of the apparatus already employed for testing spatial learning and memory in a different species (Regolin et al. 1995; Regolin and Rose 1999) and was constructed of white plastic panels. Externally, the maze measured 3 m in both width and length and 1.5 m in height. The entrance to the apparatus consisted of a 1-m wide door, leading into the start compartment, (1×1 m; see compartment "a" in Fig. 1) . A chair for the owner was placed outside of the entrance door. The apparatus contained three sliding panels remotely controlled by an experimenter located in an adjacent room; one panel permitted access to the central compartment (1×1 m; see compartment "b" in Fig. 1 ) from the start compartment and the remaining two served as exits at the end of each lateral arm (3×1 m at their narrowest point; see compartments "c" in Fig. 1 ). The dogs' responses within the apparatus were monitored in real time using video cameras and were also recorded (WV-GP250, Panasonic, Osaka, Japan) for subsequent analysis. The position of the apparatus within the room was randomly rotated (180°) among subjects in a balanced design to prevent fixed external cues (i.e., cues within test room) from biasing subject responses.
The procedure consisted of four stages. The first stage was a single direction-determination trial, which was used to determine the correct exit path for each subject in subsequent learning and memory retention stages. The second stage of the procedure was the learning task, in which dogs were required to learn which of the two arm choices resulted in the correct exit path from the apparatus. Retention of this information was assessed after 2 weeks in the third long-term retention test stage. In the last stage, the reversal learning task, dogs were required to learn to exit from the path opposite to that reinforced in the learning task.
Direction-determination trial
The trial began when the dog was in the start compartment and with all doors and panels closed. The owner then called the dog and immediately thereafter the experimenter raised the sliding panel leading into the central compartment, which remained lifted until the end of the trial. The dog could freely enter either of the lateral arms. The arm entered first by the dog became the incorrect arm entry for that dog in the subsequent learning task and memory retention test. Accordingly, the sliding panel at the end of the lateral arm initially entered by the dog remained closed throughout the trial, as well as all of the trials of the subsequent learning task. Therefore, the dog had to navigate back to the central compartment and then to the opposite arm to exit from the apparatus. When the dog reached the half-way point of the correct arm, the sliding panel at the end of this was raised and the trial ended when the dog stepped out of the apparatus. This procedure was used to rule out any possible side preference of the individual dogs and to oblige the dog to explore the entire maze at least once. This also reduced the possibility of the subjects using olfactory cues in subsequent trials of the learning task.
Learning task
Immediately following the direction-determination trial, the dogs underwent one session of continuous consecutive trials during which the exit panel of the correct lateral arm remained lifted. To reduce the possibility of developing a negative association between stepping out of the apparatus and subsequent reintroduction, the owner praised, pet or played with the dog for about 45 s during the inter-trial intervals. On each trial, a correct response was recorded when the dog entered the correct side compartment first and an incorrect response was recorded when the dog entered the incorrect side first. Each dog was tested until it achieved the learning criterion of three consecutive correct trials within the maximum 15 trials. If the learning criterion was not achieved within 15 trials, the dog failed the task and was not included in the subsequent stages.
Retention test
This test took place 2 weeks (mean±SD=15±1.9 days) after the learning phase with the aim of determining if dogs retained the information acquired in the learning phase over a long-term delay. The retention test consisted of four trials in which the exit panels for both lateral arms were open, thereby allowing the dog to exit the apparatus from either lateral arm and preventing new learning from confounding the results of the retention test. A dog successfully passed the retention test if it initially entered the correct lateral arm, as acquired during the learning task, at least three out of the four trials. 
Reversal learning task
Only dogs that passed the retention test were included in this phase, which took place immediately after the retention test. The reversal learning task was intended to evaluate the dogs' ability to contrast and modify previously acquired behavioral responses, i.e., navigating the previously reinforced direction. Thus, the protocol and learning criterion were identical to that of the learning task, but the arm choice resulting in a path out of the apparatus was reversed. Since the dogs were expected to respond incorrectly on the first trial, this was not included in the 15 trial maximum, nor was it considered in the statistical analysis.
Data collection and statistical analysis
Data were collected from video-recordings by a single observer. It was unnecessary to verify interobserver reliability as the determination of the dog's choice within the maze was unequivocal. More specifically, a side choice was recorded when both fore limbs first entered a lateral arm of the maze. For each trial, latency (time in seconds from the owner's call to the side choice), duration (time in seconds from the dog's side choice to exit from the apparatus) and side choice were recorded. Maximal errors or errors to reach criterion served as the dependent variable for statistical analyses of learning, retention and reversal-learning performance accuracy. Latency and duration were also analyzed as respective measures of performance speed, which in turn could reflect processing speed, locomotion speed or motivation. Data are reported as mean±SD and all statistical analyses were performed using Statistica 11.0 (StatSoft Inc., Tulsa, OK). Initially, linear regression analyses were conducted to examine the relationship between age and performance parameters (mean trial latency, duration and errors) in the learning, retention and reversal learning stages. To determine the relationship between performance accuracy across stages, Pearson-product moment correlations between task errors were determined. Moreover, an identical analysis was conducted between task errors and mean trial latency and duration measures within each task.
To further investigate the effect of age on performance parameters across the learning and reversal learning tasks, subjects were divided in a cohort of younger (<8 years, N=22, mean age±SD=5.5±1.3) and older dogs (≥8 years, N=22, mean age±SD=10.3 ± 1.7). Repeated-measures analyses of variance (ANOVA) were conducted with the dog serving as subject variable, age group (younger and older) as a between-subject factor and task (learning and reversal) as a within-subject factor. Post hoc Tukey's test was used to examine significant main effects and interactions as appropriate. To examine the effects of age on memory retention performance, independent t-tests between age groups were conducted.
Results
Overall performance in the spatial navigation tasks
Dogs performed the direction-determination trial with a latency of 10.6±14.9 s and completed the remainder of the trial in 48.5±50.4 s. The first choice was similarly distributed between the left (53.5 % of the sample) and the right arm of the maze (46.5 %).
The mean latency and duration of learning task trials were 5.1±5.9 s and 18.1±21.9 s, respectively; Sliding panels are represented in black in the picture the learning criterion was reached by 75.0 % (33/44) of subjects in 7.5 ± 3.5 trials. The subjects that achieved the learning criterion were 7.3±2.5 years of age on average compared with an average age of 9.2± 3.5 years for those that failed the task.
In the retention test, mean trial latency was 3.3± 2.6 s and mean trial duration was 3.7±5.5 s. Twentyseven of 33 (81.8 %; age = 7.1 ± 2.5 years) dogs showed successful retention of the task after 2 weeks, with 40.1 % of successful subjects committing no errors. The mean age of the unsuccessful dogs was 8.7±2.1 years.
Reversal learning trials had a mean latency of 7.6± 11.5 s and a mean duration of 20.6 ± 17.0 s. The reversal learning criterion was successfully achieved by 20 out of the 27 dogs (74.1 %) that passed the retention task, in an average of 7.8±3.1 trials. The mean age of the successful and unsuccessful dogs was 6.2±2.0 and 9.4±2.2 s, respectively. Overall, the results demonstrate the tasks were successfully acquired rapidly in the majority (i.e., ≥74 % for each tasks) of tested subjects.
Effects of age on performance in the spatial navigation task Success and failure rate for younger and older dogs in the different stages are presented in Table 2 .
Significant effects of age were found by linear regression on reversal errors (F 1, 25 =6.07; p=0.021) but not on learning or retention errors. No effect of age was detected on mean trial latency or duration measures.
No significant correlations were found between tasks on errors committed, suggesting that performance accuracy on each task was independent of the other. Moreover, errors were not correlated with mean trial latency or duration on any task, indicating that accuracy was independent of performance speed.
ANOVAs examining errors across the learning and reversal tasks revealed significant effects of age group (F 1, 25 =6.13; p=0.02), task (F 1, 25 =11.14; p=0.003), and an interaction between the two (F 1, 25 =7.11; p=0.01). Older dogs committed significantly more errors on the reversal learning task compared with all other conditions (p<0.001 in all cases) consistent with an age-related deficit in reversal learning (Fig. 2) . The individual ANOVAs examining age group effect on mean trial latency and duration revealed significant effects of age on mean trial latency (F 1, 25 =4.66; p=0.04), but not duration. Moreover, no effects of task or an interaction between task and age group were evident on duration or latency measures. This indicates that older dogs made a choice more slowly than younger dogs independent of task, but completed the remainder of the trial in the same time as younger dogs. Lastly, there was no effect of age group on errors, mean trial latency or mean trial duration during the retention test. Collectively, these results suggest processing speed may be reduced in aged subjects, while time to complete the task is independent of age, which is discussed further below.
Discussion
The current study sought to assess the learning, retention and reversal learning performance of aged pet dogs in a simple spatial navigation task. Forty-four dogs were initially trained on a spatial navigation learning task and data were obtained from all dogs within a single session. Additionally, 61.3 % (27/44) of the subjects successfully moved through the procedure to the reversal learning task. Older dogs showed reversal learning accuracy deficits, which were not evident on the learning and memory retention tasks. Overall, the spatial navigation paradigm employed here successfully permitted the practical assessment of spatial cognitive abilities of pet dogs.
Studies investigating age-related cognitive decline in dogs are generally restricted to laboratory populations, primarily due to the absence of practical methods for testing cognitive function in pet dogs. The rationale of the methodology employed in the current study was to develop a novel spatial navigation paradigm, based on ethologically relevant owner seeking behavior, that ultimately could be used to assess spatial cognitive ability in pet dogs. In contrast to the object based testing paradigms employed in the laboratory, ethologically relevant tasks are expected to confer more predictable responses with little or no training (Miklosi 2009 ), which was evident in the present study as dogs navigated the entire maze in a short time even on the first trial. Moreover, each task was in most cases completed in less than half an hour. Collectively, the relative ease of acquisition makes this spatial navigation paradigm practical for both pet dogs and their owners. The second aim of this study was to determine if age negatively impacted performance across the three tasks of this spatial navigation paradigm. Reversal learning ability declined with increasing age and was impaired in the older sub-group compared with the younger subgroup; however, there was no evidence of similar deficits on the learning task and retention test. The age-dependent reversal learning deficits reported here are consistent with those previously reported in canine cognitive studies (Adams et al. 2000; Christie et al. 2005) . Specifically, more errors were committed by the older dog sub-group on the reversal task compared with younger dogs and this age effect was not evident on the spatial learning task. In contrast to discrimination learning, age-sensitive reversal learning deficits in dogs are independent of contextual cues, being reported consistently across a variety of tasks including shape (Milgram et al. 1994) , size (Tapp et al. 2003a ) and egocentric visuospatial discrimination (Christie et al. 2005) . The high degree of genetic and environmental heterogeneity of the canine population in the present study suggests reversal learning deficits reported in laboratory Beagles are applicable to the general dog population. In this respect, this phenomenon is consistent in mammalian species as impaired reversal learning is reported in aged primates (Herndon et al. 1997; Lai et al. 1995; Tsuchida et al. 2002; Voytko 1999 ) and rodents (Rahner-Welsch et al. 1995; Stephens et al. 1985) .
By contrast to reversal learning, data from previous studies examining the effect of age on simple associative learning are inconsistent, with reports of both age sensitivity (Christie et al. 2005; Milgram et al. 2002a; Tapp et al. 2003a ) and age insensitivity (Christie et al. 2005; Milgram et al. 1994; Salvin et al. 2011 ). The primary difference among these studies is the use of different test paradigms that presumably vary in difficulty. Therefore, the absence of age-related spatial learning deficits in the current study may be due to the use of a two-choice spatial navigation discrimination task that is too simple to reliably actualize potential age effects on learning. By way of comparison, the current results are similar to those of the task used by Salvin et al. (2011) , which also was insensitive to the effects of age on spatial learning ability.
The aged group also demonstrated longer latencies in making a choice compared with young dogs across the learning and reversal tasks, but not on the memory retention task. However, the absence of an interaction between age group and task on mean trial latency, in conjunction with the absence of significant correlations between task latency and accuracy suggests that the age-dependent slowing in making a choice is independent from the accuracy deficits observed in aged dogs on the reversal learning task. Moreover, both mean trial latency and duration were comparable between the original learning task and the reversal learning task, which suggests procedural memory, speed of locomotion and/or motivation, are preserved across the two tasks. The absence of age effects on mean trial latency during the retention test and presence of age effects across both the learning and reversal tasks more likely reflects inherent age-related differences in processing speed, that emerge during the acquisition of novel spatial information, but are not evident when retrieving previously acquired information. Therefore, the current results suggest processing speed is impaired by aging during acquisition of novel information and that this effect is independent of age-related accuracy deficits on similar tasks.
Retention was assessed 2 weeks after the initial learning task by repeatedly letting the dogs choose freely between the arms of the maze. The high proportion (81.8 %) of dogs that chose the direction previously acquired on the spatial learning task has two relevant implications. First, it supports the validity of the learning criterion used in the current spatial learning task opposed to the more stringent criterion often used with laboratory dogs, e.g., at least 80 % correct responses in 20 trials (Milgram et al. 1994) . Second, this result suggests age-insensitivity of longterm spatial memory retention in the dog. On the other hand, twice the number of aged dogs failed the retention test (i.e., four aged dogs failed compared with two young dogs), which suggests the current study may have been under-powered to accurately evaluate spatial memory. Regarding the characterization of memory functions in dogs, current data are mostly limited to short(er)-term memory (e.g., Fiset 2007; Fiset et al. 2003; Salvin et al. 2011) . The lack of scientific data on canine long-term memory is quite surprising, especially as some symptoms of CDS may be ascribed to longterm memory deficits (e.g., getting lost in familiar places, failure to recognize known people, loss of previously known commands; Landsberg 2005; Osella et al. 2007 ). There is only one report of agerelated impairment in long-term memory in Beagle dogs (Milgram et al. 2002b) , which, however, is not directly comparable to the current study due to substantial methodological differences.
A limitation of the current study is the attrition of subjects unable to achieve the task-specific learning criterion, which was likely linked to the limited number of trials afforded for completing each task. The rationale for the a priori selection of a maximum of 15 acquisition trials for the learning and reversal stages was twofold. First, previous work indicated adult pet dogs learn to detour around a barrier to reach a goal in as few as 6 trials (Pongracz et al. 2001 ) and laboratory dogs can learn a spatial search task with a stringent learning criterion in an average of 14 trials (Ashton and De Lillo 2011) . Therefore, we postulated that 15 trials would be sufficient for both the learning and reversal tasks, due to the expected simplicity associated with this ethologically relevant navigation paradigm. Second, we wanted to ensure that the duration of the test was sufficiently short that the attention and motivation of both the dog and owner was maintained over the course of the session and over the sessions of the whole study. While future studies may help further refine the learning criteria employed in the current study, the impact of these limitations in the current study were partially relegated by including errors over the maximum number of sessions for subjects that failed a specific task in the statistical analyses. Regardless, the procedure and learning criteria in the present study likely resulted in the exclusion of the most cognitively impaired subjects before the last stage, suggesting that age-related impairments limited to the reversal learning task in the current study may be an overly conservative conclusion.
Implications and future directions
The present study demonstrates the feasibility of employing a spatial navigation paradigm for the practical assessment of cognitive function, including learning, long-term memory retention and reversal learning, in pet dogs. Age-related spatial impairment was only evident in reversal learning, which is consistent with previous canine cognitive studies thereby providing validation of this cognitive assessment strategy. Therefore, the current study extends neuropsychological cognitive test protocols, which have generally been limited to laboratory-housed Beagles, to pet dogs. This should offer several complimentary benefits for aging studies (Waters 2011) . First, pet dogs are exposed to a wider range of environmental factors likely to impact cognitive aging, which are hardly reproducible in a laboratory-confined model. Second, extending canine cognitive aging studies to dogs with more variable life-expectancy, genetic background, dietary experience, health management, social stimuli, and learning experiences should improve understanding of canine aging and improve generalization of study results to the dog population. Third, the fact that pet dogs share both the social and physical environment of humans should ultimately increase the value of the canine model for studying human aging and AD progression, regardless of the potential confounds associated with reduced control of the dogs' living conditions. Overall, the addition of aging studies in pet dogs should prompt the investigation of normative and pathological aging as it applies to veterinary and human medicine.
